A mullite / SiC whisker / SiC particle multi-composite, having excellent crack-healing ability and mechanical properties, was hot-pressed in order to investigate the crack-healing behavior under stress and the resultant fatigue strength at the temperature of healing. A semi-elliptical surface crack 100 μm in surface length was introduced on each specimen. The pre-cracked specimens were crack-healed under cyclic or constant stress by using a three-point bending stress at 1473 K, and the resultant bending strength and cyclic fatigue strength were measured at 1473 K. The pre-crack on the surface of the specimens could be healed even under stress. The threshold stresses for crack-healing, as determined by evaluating the strengths of crack-healed specimens at a healing temperature of 1473 K, were 170 MPa for both constant and cyclic stresses, corresponding to 77% of the bending strength of the pre-cracked specimens. The static and cyclic fatigue strengths of crack-healed specimens were also investigated at a healing temperature of 1473 K.
Introduction
Mullite (3Al 2 O 3 2SiO 2 ) has excellent oxidation resistance and heat-resistance limit temperature for strength. The Young's modulus of monolithic mullite is about 200 GPa, which is much lower than that of other ceramics, such as Al 2 O 3, Si 3 N 4 and SiC. Thus, mullite is a candidate material for high temperature springs, which need to be capable of withstanding a large deformation. However, mullite has two shortcomings, namely a low fracture toughness (K IC = 2.5 MPam 1/2 ) and low bending strength (σ B = 350 MPa). These restrict the application of mullite to ceramic springs.
It has been reported that the addition of 15 vol. % SiC particles increases the bending strength of mullite up to 500 MPa, as well as giving it excellent crack-healing ability 1 . Chu et al. reported that a semi-elliptical surface crack 100 μm in surface length could be completely healed by a heat treatment in air at 1573 K for 1 h. However, crack-healing did not occur by a heat-treatment in argon 1 . These results imply that crack-healing of mullite/SiC occurs due to the high temperature oxidation of SiC particles located at crack surfaces. The healing of surface cracks by heat treatment in air has also been reported in SiC [2] [3] [4] , Al 2 O 3 /SiC [5] [6] [7] and Si 3 N 4 /SiC 8, 9 composites.
However, the fracture toughness of the mullite reinforced by SiC particles (mullite/SiC) was the same as that of monolithic mullite 1 . This indicates that surface cracks and chippings are formed readily on the surface of mullite/SiC by machining. Thus, a higher fracture toughness is desirable for the structural integrity of the mullite composite. Nakao et al. 10 investigated the mechanical properties and crack-healing behavior of mullite reinforced with SiC whiskers and SiC particles (mullite / SiC multi-composite). It was found that a semi-elliptical surface crack 100 μm in surface length could be completely healed by heat treatment in air above 1473 K thanks to the oxidation of SiC whiskers and particles. Moreover, the mullite/SiC multicomposite had quite high fracture toughness and bending strength. Figure 1 shows the results of in-situ observation of self-crack-healing behavior of the mullite/SiC multi-composite at 1473K. Before crack-healing, pre-cracks can be clearly observed, as shown in Fig. 1(a) . However, the pre-cracks can not be clearly distinguished 2h after it reached 1473K, as shown in Fig. 1(b) because the surface cracks were healed. Figure 2 schematically shows the mechanism of crack-healing for the mullite/SiC multicomposite. The surfaces cracks were filled and bonded by oxides formed at the crack surfaces thanks to oxidation of SiC whiskers and particles. After heat-treatment in air, the bending strength of pre-cracked specimens recovered to a value similar to that of smooth specimens because the bonding force acting across the crack surfaces increased substantially. The crackhealed specimens showed excellent high-temperature strength up to 1473 K. The mullite/SiC multi-composite has excellent crack-healing ability so that cracks introduced by machining can be healed before the material is used. However, if a crack is initiated during service, the component's reliability will be reduced considerably. In actual engineering applications, ceramic components are often used continuously under constant or cyclic stress at high temperature. If a crack on the surface of a ceramic component can be healed under service conditions, i.e., under stress and high temperature, and the healed zone has sufficient strength, the reliability and lifetime of the component can be increased. Thus, it is essential to investigate the crack-healing behavior under stress at high temperature and the resultant fatigue strength at the temperature of healing. The crack-healing behavior under stress was investigated for several ceramics 4, 11, 12 . However, the crack-healing behavior of the mullite/SiC multi-composite has not yet been studied.
The objective of the present study was to investigate the crack-healing behavior of a mullite/SiC multi-composite. To this end, (1) the threshold stress for crack-healing below which pre-cracked specimens recovered their bending strength was determined at a healing temperature of 1473 K, and (2) the static and cyclic fatigue strengths of specimens crackhealed under constant or cyclic stress were determined at a healing temperature of 1473 K.
Experimental procedure
A mullite / 15 vol% SiC whisker / 10 vol% SiC particle multi-composite, abbreviated as MS15W10P, was hot-pressed. The mullite powder used (KM 101, Kioritzz Co. Ltd., Japan) had an average particle size of 0.76 µm and an Al 2 O 3 content of 71.8%. The SiC whiskers (SCW, Tateho Chemical Industry Co., Ltd., Japan) had a diameter between 0.8 µm and 1.0 µm and a length between 30 µm and 100 µm. The SiC powder (Ultra-fine grade, Ibiden Co., Ltd., Japan) had an average particle size of 0.27 µm. The desired proportion of mullite powder, SiC whiskers and SiC powder was thoroughly mixed by ball-milling in alcohol using alumina balls. First, the mullite and SiC powders were mixed for 12 h. Then, the SiC whiskers were added, and the resultant mixture was ball-milled for 12 h. Square plates 50×50×6 mm in size were hot-pressed in Ar at 1973 K under a pressure of 40 MPa for 1 h. The hot-pressed material had the following mechanical properties: fracture toughness K IC = 3.6 MPa・m 1/2 , average bending strength σ B = 904 MPa at room temperature and σ B = 544 MPa at 1473 K 10 .
The hot-pressed plates were cut into 3×4×22 mm rectangular bar specimens. The specimens were polished to a mirror finish on one face. A semi-elliptical crack 100 µm in surface length was introduced at the center of the tensile surface of the specimens by using a Vickers indenter under a load of 19.6 N; this crack is regarded as a pre-crack (see Fig.1(a) ). The ratio of the depth (a) to half-length (c) of the pre-crack was (aspect ratio a/c) 0.9.
Bending tests and static and cyclic fatigue tests on the pre-cracked specimens were carried out at room temperature in air to investigate their bending strength and fatigue limits. Bending and fatigue tests were performed with a three-point bending system having a span of 16 mm, as shown in Fig.3 . The bending tests were carried out using a universal testing machine. The crosshead speed for bending tests was 0.5 mm/min. The static and cyclic fatigue tests were carried out using a hydraulically controlled testing machine. The static and cyclic fatigue limits were defined as the maximum stress which the pre-cracked specimens can withstand for 100 h. The waveform for cyclic fatigue tests was sinusoidal with a stress ratio (R) of 0.2 and a frequency (f) of 5 Hz. Pre-cracked specimens were subjected to crack-healing under constant or cyclic stress in air at 1473 K for 5 h using a hydraulically controlled testing machine equipped with an electric furnace. We select 1473 K as the healing temperature because 100-μm-long pre-cracks can be healed if the healing temperature is above 1473 K under no stress 10 . Figure 4 schematizes the process of crack-healing under stress. First, a constant or cyclic stress was applied to the specimens in order to avoid unexpected crack-healing in the absence of stress. Then, the furnace temperature was raised 10 K/min up to 1473 K, held at 1473 K for 5 h and lowered at 10 K/min to room temperature. The waveform for cyclic fatigue tests was sinusoidal with a stress ratio (R) of 0.2 and a frequency (f) of 5 Hz. Bending strengths of the crack-healed specimens were measured at a healing temperature of 1473 K to evaluate the threshold stress for crack-healing using a universal monotonic testing machine equipped with an electric furnace. The crosshead speed for bending tests was 0.5 mm/min. Static or cyclic fatigue tests were carried out on the specimens crack-healed under a threshold constant or cyclic stress, respectively. Test conditions of fatigue tests were as follows. Test temperature: 1473 K (identical to healing temperature); maximum time: 100 h in air. The waveform for the cyclic fatigue tests was the same as that mentioned in crack-healing under cyclic stress.
3
Test results and discussion 3 .1 Bending and fatigue strengths of pre-cracked specimens at room temperature Figure 5 shows the results of bending and fatigue tests on pre-cracked specimens at room temperature. The open circles, open triangles and solid triangles in the figure represent the bending strengths, static fatigue strengths and cyclic fatigue strengths, respectively. The average bending strength of pre-cracked specimens is 220 MPa. The static and cyclic fatigue strength at 100 h are 170 and 160 MPa, respectively. The cyclic fatigue strengths of pre-cracked specimens at room temperature are slightly lower than those of static fatigue strengths. Threshold stresses for crack-healing were defined as the maximum stresses below which precracked specimens did not fracture during the crack-healing process and the crack-healed specimens recovered their bending strengths. All specimens crack-healed under stresses below 170 MPa recovered their bending strength. Thus, the threshold stress for both constant and cyclic stresses was determined to be 170 MPa, which was 77% of the average value of the bending strength of the pre-cracked specimens. Thus, MS15W10P has excellent crack-healing ability for healing cracks even under severe tensile stress.
The threshold stresses for crack-healing (170 MPa) were as low as the fatigue strength of precracked specimens at 100 h mentioned in the previous section. Thus, it can be assumed that slow crack growth during the crack-healing processes was quite small, allowing complete healing of the surface cracks. 
Fatigue tests on crack-healed specimens at the healing temperature
We carried out static and cyclic fatigue tests on specimens crack-healed under, respectively, a threshold constant or cyclic stress of 170 MPa at a temperature of 1473 K for at most 100 h. Figure 7 shows the results of these tests. The arrow indicates that fracture had not occurred when the test was terminated. The cyclic fatigue strength at 100 h was found to be 350 MPa, corresponding to 80% of the average bending strength of a crack-healed specimen (440 MPa) at 1473 K. The static fatigue limit was found to be 200 MPa, which was lower than the cyclic fatigue limit. However, the static fatigue limit was still higher than the threshold constant stress of 170 MPa. Thus, even if a crack that reduces the bending strength noticeably is introduced on the surface of MS15W10P, the material can heal the surface crack and maintain high fatigue strength. Specimens that survived under static or cyclic fatigue tests were fractured to perform fractography using a scanning electron microscope. Figure 8 shows the fracture surface of a specimen subjected to crack-healing under constant stress followed by a static fatigue test. The solid line indicates the pre-crack front, while the dashed line indicates the crack front after the static fatigue test. It is confirmed that the pre-crack propagated during the static fatigue test. Healing substance was observed at the fracture surface, as shown in Fig. 8(b) . Matrix and whiskers without healing substance were observed at the fracture surface created by the bending test, as shown in Fig. 8 (c). Figure 9 shows the fracture surface of the specimen subjected to crack-healing under cyclic stress followed by a cyclic fatigue test. The solid line indicates the pre-crack front. The dashed line indicates the crack front after the cyclic fatigue test. It was found that the crack grew less under cyclic stress than under constant stress, which gave higher fatigue strength under cyclic stress than under constant stress, as shown in Fig. 7 . Similar experimental results were reported for alumina 13 and alumina reinforced by silicon carbide whiskers 14 . Lin and Socie 13 compared the static and cyclic fatigue strength of monolithic alumina (Al 2 O 3 ) at 1473 K. They observed that the cyclic fatigue strength was higher than the static fatigue strength. For a cyclic stress with a frequency of 2 Hz, the viscous phase would carry a part of the applied cyclic load by bridging the crack surfaces and reduce the effective stress intensity factor. Han and Suresh 14 investigated the static and cyclic crack growth rate for alumina reinforced by silicon carbide whiskers (Al 2 O 3 /SiC) at 1673 K. They observed that the cyclic stress (2 Hz) resulted in a lower crack growth rate compared to static loading under the same stress intensity factor. They pointed out that one of the factors contributing to the improvement in cyclic fatigue resistance is the in situ formation of amorphous glassy phases through the oxidation of SiC whiskers. For the same reason, the cyclic fatigue limit of the MS15W10P was higher than its static fatigue limit. As shown in Fig. 8(b) , a healing substance was observed at the fracture surface. The healing substance comprised glassy phases derived from the oxidation of SiC whiskers and particles. In the case of cyclic fatigue tests, the healing substance would reduce the effective stress intensity factor due to the viscous effect under a cyclic stress of 5 Hz. In the case of static fatigue tests, these effects on crack opening behavior may disappear because of the relaxation characteristics of the viscous glassy phases.
Conclusions
A mullite / SiC whisker / SiC particle multi-composite (MS15W10P) having excellent crackhealing ability and mechanical properties was hot-pressed in order to investigate the crackhealing behavior under stress and the resultant fatigue strength at the temperature of healing. A semi-elliptical surface crack 100 μm in surface length was introduced on each specimen. The pre-cracked specimens were crack-healed under a cyclic or constant stress by using a three-point bending stress at 1473 K, and the resultant bending strength and fatigue strength were measured at 1473 K. The following results were obtained.
(1) The threshold cyclic and constant stresses for crack-healing were 170 MPa at a healing temperature of 1473 K. These threshold stresses were 77% of the bending stress of the pre-cracked specimens (~220 MPa). Thus, pre-cracks of 2c = 100 μm, which reduced the bending strength by 75%, could be healed completely even under a considerably high tensile stress.
(2) The cyclic and static fatigue strength at 100 h for the specimens crack-healed under 170 MPa were found to be 350 and 200 MPa, respectively, at a healing temperature of 1473 K. These values were higher than the threshold constant or cyclic stresses even at the healing temperature.
In the case of cyclic fatigue tests, the healing substance would reduce the effective stress intensity factor under a cyclic stress of 5 Hz. In the case of static fatigue tests, these effects on crack opening behavior may disappear because of the relaxation characteristics of the viscous glassy phases. Thus, the cyclic fatigue strength of the crack-healed specimens was higher than that of the static fatigue limit at 1473 K.
